Objectives: Bicuspid aortic valve patients can develop thoracic aortic aneurysms and therefore require serial imaging to monitor aortic growth. This study investigates the reliability of contrast-enhanced magnetic resonance angiography (CEMRA) volumetry compared with 2-dimensional diameter measurements to identify thoracic aortic aneurysm growth. Materials and Methods: A retrospective, institutional review board-approved, and Health Insurance Portability and Accountability Act-compliant study was conducted on 20 bicuspid aortic valve patients (45 ± 8.9 years, 20% women) who underwent serial CEMRA with a minimum imaging follow-up of 11 months. Magnetic resonance imaging was performed at 1.5 T with electrocardiogramgated, time-resolved CEMRA. Independent observers measured the diameter at the sinuses of Valsalva (SOVs) and mid ascending aorta (MAA) as well as ascending aorta volume between the aortic valve annulus and innominate branch. Intraobserver/interobserver coefficient of variation (COV) and intraclass correlation coefficient (ICC) were computed to assess reliability. Growth rates were calculated and assessed by Student t test (P < 0.05, significant). The diameter of maximal growth (DMG), defined as the diameter at SOVor MAA with the faster growth rate, was recorded. Results: The mean time of follow-up was 2.6 ± 0.82 years. The intraobserver COV was 0.01 for SOV, 0.02 for MAA, and 0.02 for volume (interobserver COV: 0.02, 0.03, 0.04, respectively). The ICC was 0.83 for SOV, 0.86 for MAA, 0.90 for DMG, and 0.95 for volume. Average aortic measurements at baseline and (follow-up) were 42 ± 3 mm (42 ± 3 mm, P = 0.11) at SOV, 46 ± 4 mm (47 ± 4 mm, P < 0.05) at MAA, and 130 ± 23 mL (144 ± 24 mL, P < 0.05). Average size changes were 0.2 ± 0.6 mm/y (1% ± 2%) at SOV, 0.5 ± 0.8 mm/y (1% ± 2%) at MAA, 0.7 ± 0.7 mm/y (2% ± 2%) at DMG, and 6 ± 3 mL/y (4% ± 3%) with volumetry. Conclusions: Three-dimensional CEMRA volumetry exhibited a larger effect when examining percentage growth, a better ICC, and a marginally lower COV. Volumetry may be more sensitive to growth and possibly less affected by error than diameter measurements.
T horacic aortic aneurysms (TAAs) and dissections have mortality rates of up to 70% and are responsible for more than 15,000 deaths in the United States annually, making it the 15th most common cause of death in individuals older than 65 years. [1] [2] [3] The pathophysiology of aortic aneurysms is generally described as a loss of elastic fibers and an accumulation of proteoglycan in the aortic media layer leading to weakening of the aortic wall. 4, 5 Thoracic aortic aneurysms are typically asymptomatic and incidentally identified on imaging studies and thus generally present with acute signs of pain consistent with impending rupture or dissection. 5 Fortunately, new advances in technology and imaging modalities in the last decades have enabled physicians to reliably screen TAA noninvasively, treat accordingly, and prevent emergent scenarios from developing. 6 Patients with bicuspid aortic valves (BAVs) are a select group known to have an increased risk of ascending aorta dilatation with dissection or rupture. These patients require serial monitoring with imaging from transthoracic echocardiography (TTE), computed tomographic angiography (CTA), or magnetic resonance angiography (MRA) for appropriate timing of surgical repair of the aortic valve and ascending aorta. [7] [8] [9] Published guidelines recommend elective surgery in BAV patients based on diametric size (>55 mm) and growth rate (>5 mm/y) at the ascending aorta or aortic sinus. 4, [10] [11] [12] Patients with BAV are particularly difficult to monitor because of several reasons. First, BAV is a congenital disease that is followed with frequent imaging after diagnosed. Therefore, because CTA exposes patients to ionizing radiation and TTE is diagnostically inadequate in 10% to 15% of patients, MRA is becoming a mainstay for imaging patients with BAV. 8 Second, patients with BAV have slow-evolving TAA with reported growth rates of less than 1 mm/y, making the detection of growth difficult with current measurement approaches. 7, 8, 13 Recent literature has shown that maximal diameter measurements in the aorta may be insensitive to focal aneurysmal changes. 14 To date, 3-dimensional (3D) volume reconstructions have been used to study abdominal aortic aneurysms and to track growth kinetics of tumors as a more reliable and sensitive measure of treatment response. 1, [14] [15] [16] From these studies, we hypothesize that 3D segmentation is a comprehensive measurement of the entire volume of interest that allows capture of focal interval changes in vessel caliber that may be missed with cross-sectional 2-dimensional (2D) diameter measurements, which are highly dependent on slice selection and angulation.
14 As such, 3D volume analysis may be better suited to guide risk stratification and surgical management of patients with BAV. Therefore, the purpose of this study was to assess the interobserver and intraobserver reliability and sensitivity of contrast-enhanced MRA (CEMRA) volumetry compared with 2D diameter measurements of the ascending aorta in patients with BAV.
MATERIALS AND METHODS

Study Design
This study was approved by our institutional review board and performed in compliance with Health Insurance Portability and Accountability Act regulations. A retrospective, single-center study was conducted on 20 patients with BAV who underwent a baseline and follow-up CEMRA examination between September 1, 2009, and March 5, 2014 , at a tertiary care university hospital in Chicago, IL. Patients with a history of known aortic dissection or a history of cardiac surgery or surgery on the aorta or aortic valve before or between 2 serial scans were excluded from the study. Clinical data including age, sex, and study dates were collected for demographic information.
Cardiac Magnetic Resonance
Images were acquired on a 1.5 T (Magnetom Avanto; Siemens Medical Systems, Erlangen, Germany). All subjects underwent a standard of care cardiovascular MR imaging, including electrocardiogramgated, time-resolved cine cardiac MR imaging for evaluation of cardiac function and valve morphology, as well as CEMRA for quantification of aortic dimensions. Briefly, the vendor CEMRA product sequence was carried out during the intravenous injection of 0.2 mmol/kg of gadolinium-DTPA (Magnevist; Bayer Pharmaceuticals) in a sagittal oblique orientation with a 3D fast low-angle shot (FLASH) sequence. The following imaging parameters were used: repetition time/echo time (TR/TE), 2.5/1.2 milliseconds; flip angle, 25 degrees; field of view, 300 Â 400 mm; matrix, 320 Â 512; slice, 1.1 mm; voxel size, 0.9 Â 0.8 Â 1.1 mm; GRAPPA acceleration Â 2; 6/8 partial Fourier in x-y and z axes; acquisition time, 18-20 seconds. K-space was acquired with elliptic centric encoding to mitigate respiratory noncompliance, and the acquisition was gated to diastole to minimize motion artifact at the aortic root. Precontrast and postcontrast 3D data sets were acquired for automatic image subtraction to remove background signal. The unsubtracted 2D images were used for diameter measurements, and the subtracted 3D images were used for volume measurements.
Diameter Measurements
Baseline and follow-up diameter measurements were obtained at the sinuses of Valsalva (SOVs) and mid ascending aorta (MAA) using Horos, a free, open-source medical image viewer, by independent observers (M.P.F.B., B.T., O.R.) (see Fig. 1 , A-C). Two observers (B.T., O.R.) repeated the diameter measurements at the SOV and MAA for intraobserver evaluations. Three diameter measurements were taken at the SOV from sinus to sinus, including the external walls; the maximum value of these 3 measurements was considered the final SOV diameter. At the MAA, 2 orthogonal diameter measurements were taken orthonormal to the vessel, including the external walls; the higher value was considered the MAA diameter. Sinus of Valsalva and MAA growth rates were calculated from changes in the maximal SOV and changes in the maximal MAA from baseline to follow-up scans, respectively. The observers performed these measurements independently without knowledge of prior measurements. Given that surgical intervention for TAA is recommended based on the fastest growing diameter at SOVor MAA, 12 the diameter of maximal growth (DMG), which we defined as the SOVor MAA with the faster growth rate, was also recorded for every patient to replicate the clinical setting.
The growth rates at SOV, MAA, and DMG were recorded as both units (millimeter) and as percentages to compare the differences in measured effect size. Diameter percentages were calculated from the measured difference between baseline and follow-up scans divided by the baseline measurements. Growth rates were reported as units per time and percentage per time. 
Volume Measurements
Baseline and follow-up volumetric measurements of the ascending aorta were calculated from the same CEMRA data using a 3D segmentation software platform (Mimics; Materialize, Leuven, Belgium) by 2 independent observers (I.D., O.R.). A single observer (O.R.) repeated the segmentation and volumetric measurements for intraobserver evaluations. The ascending aorta was segmented starting from the boundary of the aortic annulus to the orthogonal aorta cross-section occurring immediately at the takeoff for the brachiocephalic artery. Segmentation was achieved using the CEMRA images (Fig. 1, D-F) . Briefly, segmentation was performed by manually thresholding the images to best delineate the aorta lumen and wall. The vessel was manually edited to add lumen regions with low signal, and the aortic borders were separated from surrounding vasculature. A point was subsequently selected within the aorta, and region growing was performed to separate the aorta structure from surrounding tissue. Volumetric growth rates were calculated based on the difference between the baseline and follow-up versions of the 3D segmented data. Observers performed measurements independently without knowledge of prior measurements.
The volumetric growth was recorded as both units (milliliter) and as percentages to compare the differences in measured effect size. Volumetric percentages were calculated from the difference in volume between baseline and follow-up scans divided by the baseline volume. Growth rates were reported as units per time and percentage per time.
Statistical Analysis
Statistical analysis was performed using commercially available software, Matlab (Mathworks, Natick, MA) and R (R Development Core Team). All continuous variables were recorded as mean and standard deviation. Binary data points were recorded as absolute frequencies. Differences between baseline and follow-up examinations were assessed by 2-tailed, paired Student t test. A P value of less than 0.05 was considered statistically significant. All baseline to follow-up changes in measurements were included in calculations, even those with negative changes. The inclusion of all measurements was done as an effort to dampen the effects of intrinsic measurement errors.
Coefficients of variation (COVs) were calculated for interobserver and intraobserver measurements at SOV, MAA, and with volumetry. The standard deviation (σ) and mean (μ) of the differences in measurement values between 2 observations were calculated for every patient at SOV, MAA, and volumetry. The COV was then reported as an average of these ratios (σ/μ) at SOV, MAA, and volumetry. The intraclass correlation coefficient (ICC) was computed using a 2-way analysis of variance model to determine observer reliability based on agreement. Bland-Altman analysis with limits of agreement and bias were calculated to assess interobserver agreement.
RESULTS
Four (20%) of the 20 patients with BAV were women. The mean age of all patients at the time of their baseline scan was 45.2 ± 8.9 years. The mean time for follow-up was 2.6 ± 0.8 years. The mean aortic measurements at baseline and follow-up at SOV, MAA, and with volumetry are listed in detail in Table 1 . Growth was determined to be significant at the MAA, with DMG, and with volumetry (P < 0.05).
Interobserver and intraobserver COVs for SOV, MAA, and volumetry are listed in detail in Table 3 . The ICC was 0.83 for SOV measurements, 0.86 for MAA, and 0.95 for volume measurements (Table 2) . Bland-Altman analyses of all diameter and volume measurements for interobserver and intraobserver agreement are displayed with bias, and limits of agreement represented as a function of the percent of the ensemble mean in Figure 2 (to enable comparison between the different units of diameter and volume). In terms of absolute values, the bias and limits of agreement for the intraobserver measurements of SOV and MAA were −0.2 ± 1.4 mm and 0.9 ± 1.3 mm, respectively. The bias and limits of agreement for the absolute interobserver measurements of SOV and MAA were −0.6 ± 1.9 mm and 1.3 ± 1.6 mm, respectively. The bias and limits of agreement for the absolute intraobserver and interobserver measurements of volume were −1.1 ± 9.1 mL and 1.8 ± 14.8 mL, respectively.
Average size changes between baseline and follow-up were 0.2 ± 0.6 mm/y (1 ± 2 %/y) at SOV (P > 0.05), 0.5 ± 0.8 mm/y (1 ± 2 %/y) at MAA (P < 0.05), and 0.7 ± 0.7 mm/y (2 ± 2 %/y) at DMG (P < 0.05) compared with 6 ± 3 mL/y (4 ± 3 %/y) with volumetry (P < 0.05) (Fig. 3) . Growth rates over the entire follow-up period (mean of 2.6 years) are also displayed in Table 3 . Over the entire follow-up period, the percent growth of the volume measurement was 3.7 times greater than the MAA percentage growth (11% vs 3%, P < 0.001) and 2.8 times greater than the DMG percentage growth (11% vs 4%, P < 0.001) ( Table 3) .
DISCUSSION
Patients with BAVs are known to be at increased risk for aortic pathology including aortic dilatation, dissection, and rupture. Serial follow-up imaging is essential for appropriate timing of surgical intervention. 17 Current guidelines from 2014 recommend that patients with BAV should have an initial TTE study for assessment of their valve morphology and aortic annulus, sinus, sinotubular junction, and MAA diameter measurements. Magnetic resonance angiography or CTA studies are recommended at baseline if TTE images of the ascending aorta are inadequate. 12 Patients with aortic diameters greater than 40 mm are recommended to begin serial follow-up scans with TTE, MRA, or CTA. With new advances in MR technology and its increased accessibility associated with faster acquisition times, MRA is becoming the preferred modality for follow-up, as it does not suffer from the limited field of view of TTE and it does not use ionizing radiation as with CTA. 12, 18, 19 Despite cardiac MR being an accepted modality for monitoring aortic growth in patients with BAV, there is no standardized methodology for diameter measurements at the SOV or MAA. 20 Diameter measurements can be affected by plane angulation, inclusion or exclusion of wall thickness, whether measurements are taken at the cusp or commissure, and the phase of the cardiac cycle. 21 These sources of variability may affect reproducibility among users and limit the reliability of investigating thoracic aneurysms with focal or minimal growth. 20 Furthermore, Merrit et al 22 showed aortic dilatation morphology in BAV patients widely differed, suggesting that a single diameter measurement may not accurately portray growth along the entire aorta.
Three-dimensional reconstruction volume measurements have been documented as a reliable method for tracking abdominal aorta aneurysmal growth and tumor necrosis quantification. 15, 23 Multiple studies have demonstrated that volume measurements are more sensitive to abdominal aortic aneurysm growth change because maximal diameters do not always change with aortic dilatation. [24] [25] [26] Kontopodis et al 23 showed that 3D reconstructions from CT scans are more predictive than 2D measurements for determining need for surgical intervention in patients with abdominal aorta aneurysm. Uribe et al 27 demonstrated that 3D cardiac ventricular volume calculations at MR had less intraobserver and interobserver variability than traditional 2D measurements. From these studies, we extrapolated that 3D volume calculations of TAA on CEMRA should similarly produce reliable and more robust analysis than diameter measurements.
The reported average growth rates for ascending aortas in patients with BAV range widely from 0.2 mm/y to 2 mm/y 28 with rates increasing exponentially over time; larger aortic diameters (>50 mm) are associated with faster diameter growth (>3.6 mm/y). 29 Reassuringly, the diameter growth rates measured in our study corresponded well to the measurements reported in these prior studies. To our knowledge, there have been no reports of volume growth rates at the ascending aorta for patients with BAV, thus all growth rates in this study were converted to percentage of change compared with baseline scans, allowing us to compare growth rates between techniques despite different units (millimeter vs milliliter).
We hypothesized that volume is more sensitive than diameter to detect growth because of the exponential relationship between diameter and volume. For example, if we assume that the ascending aorta is a cylinder of diameter d and height h, as the diameter increases by a factor of c the volume increases by a factor of c 2 (Supplementary Appendix 1, Supplemental Digital Content 1, http://links.lww.com/RLI/A300). So given an average aortic diameter of 48 mm and a slow-growing TAA of 0.5 mm, the volume would theoretically increase by 2.1% while the diameter increases by 1.0%. With a more concerning growth of 7 mm, the volume would theoretically increase by 31% while the diameter increases by 15%. However, a cylindrical approximation assumes the best-case scenario, as the simple exercise used here assumes that diameter growth occurs uniformly along the entire aorta. In actual patients, there will more likely be nonuniform growth along the aorta that may only be captured with volumetry, rather than conventional 2D measurements at specific locations in the aorta. From these calculations, we expected the growth rate percentages from volume measurements to be greater than twice the diameter measurements. Notably, if an exponential relationship is the sole reason for the greater growth rates found with the volume measurement, then it is expected that the standard deviation as a percent of the volume growth would also be equal to or greater than those found with the diameter measurements. This was not the case. For example, the SOV diameter measurement had an SD 283% of the yearly growth ( Table 2 ,~0.6/0.2), MAA had an SD 166% of the yearly growth, DMG had an SD 107% of the yearly growth, and volume had an SD 58% of the yearly growth. We hypothesize that the lower standard deviations (as a percent of the volume measurement), when compared with the diameter measurements, are due to the comprehensive nature of the measurement, that is, focal regions of growth were not potentially "missed" as is the risk with a single diameter measurement. Despite volumetry being a novel measurement technique that requires knowledge of specialized software, the high ICC and low COV suggest that volumetry is as reliable among different users as 2D measurements in the ascending aorta. Of note, the limits of agreement were highest for the interobserver measurements of volume. Quantitatively, the degree of variability for the interobserver analysis works out to be 4.6% of the mean value between observers (ie, abs [(obs1 − obs2)/observer mean] Â 100). This value was deemed acceptable in relation to the other measurements of variability: 2.5% for intraobserver volume, 2.7% for intraobserver diameter, and 3.5% for interobserver diameter measurements. We anticipate, with increased software familiarity and further development of a standardized protocol, that volumetry reliability will continue to improve. In addition, the comprehensive nature of volumetry measurements offers less risk for a region of focal dilation going undetected. While the growth reported here was small regarding the absolute change, the results here suggest that volumetry will be more sensitive to focal changes within the ascending aorta and less affected by intrinsic measurement variability than 2D diameter measurements.
Although the sample size is limited and measurements are from a single center, this study has very encouraging results. Volumetry provides morphologic assessment of the ascending aorta, is more sensitive to ascending aorta size changes, and demonstrates good reproducibility among different observers. Current guidelines for timing of surgical intervention are solely based on criteria from 2D measurements-at the location of the maximum diameter. We replicated the maximal diameter measurements longitudinally to compute diameter growth rates. Notably, we did not compute averages or minimums of cross-sectional diameter measurements, as this is not recommended in the guidelines. With further research, volumetry may supplement or even replace 2D measurements as a clinical tool for monitoring TAA in patients with BAV. The increased sensitivity seen with volumetry has potential to improve risk stratification and may serve as a reliable guide for timing of surgical intervention in patients with BAV.
This study had several limitations. It is a single-center retrospective review of clinical scans, and the nonrandomization of patients may have introduced bias unidentified by clinical characteristics. Although all examinations were diagnostic in our sample cohort (because of sufficient electrocardiogram gating and the elliptic-centric k-space reordering approach), errors can occur due to cardiac and respiratory motion. Because of the lack of a criterion standard for BAV follow-up, the diameter and volume measurement accuracies could not be validated (eg, with CTA). Three-dimensional segmentation was time-consuming, using this research software (approximately 15 minutes per subject) that requires both a trained user and a consensus on definitions for the distal and proximal boundaries of the ascending aorta. Furthermore, volumetry can be performed with modalities other than CEMRA, but the influence of imaging technique on volume measurements is unknown. Lastly, no follow-up data regarding clinical outcomes such as frequency of surgeries or complications were tracked. Future studies should aim to collect follow-up data regarding clinical outcomes to correlate volume changes with risk of dissection or rupture and potentially develop volumetry as a prognostic as well as diagnostic tool.
In conclusion, 3D CEMRA volumetric analysis exhibited a larger percentage growth, better ICC, and good interobserver and intraobserver COV when measuring ascending thoracic aorta size changes. Volumetric analysis may provide a reliable method to more comprehensively detect ascending aortic growth and guide appropriate therapy for better BAV outcomes.
